Small, regulatory, non-coding RNA (ncRNA) is involved in various cell functions in both prokaryotes and eukaryotes. However, information on ncRNA in cyanobacteria is still scarce. We studied ncRNA genes by computational screening to compare the intergenic regions of the Synechococcus elongatus PCC 6301 genome with the genomes of three freshwater cyanobacteria. We identified an ncRNA gene in S. elongatus, which has been previously described as yfr1 in marine cyanobacteria. The S. elongatus yfr1 gene is 65 nucleotides long and is positioned between guaB and trxA. We found a high conservation of the yfr1 gene in most cyanobacterial lineages. A yfr1-deficient mutant showed reduced growth under various stress conditions, e.g. oxidative stress and high salt stress conditions, and showed unusual accumulation of sbtA mRNA. A gel shift assay demonstrated interaction of the Yfr1 RNA with sbtA mRNA in vitro. This suggests that the sbtA transcript is a target RNA for the Yfr1 RNA.
Introduction
Cyanobacteria are defined as prokaryotic organisms carrying out plant-type oxygenic photosynthesis. They inhabit various environments, including fresh water, ocean and land. Whole genome sequences of nearly 20 cyanobacteria are now available. The sequences are divergent, possibly reflecting their adaptation to specific environments. The complete genome sequences of cyanobacteria provide a rapid inventory of most encoded proteins, tRNAs and rRNAs, but have not led to the recognition of other genes that are not translated. The importance of regulatory, non-coding RNAs (ncRNAs) as mediators of a number of cellular processes in bacteria has begun to be recognized, as in eukaryotes (Storz et al. 2004 , Gottesman 2005 , Storz et al. 2005 . Accumulating evidence has revealed the participation of ncRNAs in tagging of proteins for degradation, modulation of RNA polymerase activity, sensing of cell density and stimulation of translation in Escherichia coli. These findings have raised questions about how extensively ncRNAs are used to maintain bacterial regulatory networks that respond to environmental changes. Over the last two decades ago, well-known classical ncRNAs have been identified fortuitously from E. coli (Wassarman et al. 1999) . Recently, ncRNAs have been systematically identified from E. coli by comparative genomics, oligonucleotide probe arrays and specific isolation of RNA-binding proteins (Wassarman et al. 2001 , Tjaden et al. 2002 , Zhang et al. 2003 , Huttenhofer and Vogel 2006 . Currently, 480 ncRNAs are confirmed in E. coli (Gottesman 2005) . Most ncRNAs are conserved only among closely related bacteria, making it difficult to extend observations to other bacterial species.
Apart from E. coli, information about ncRNA in other bacteria is very limited. Several ncRNAs have been found in Staphylococcus aureus (Johansson and Cossart 2003) , Pseudomonas aeruginosa (Wilderman et al. 2004) , Vibrio cholerae (Lenz et al. 2004 , Davis et al. 2005 , Lenz et al. 2005 , Bacillus subtilis (Silvaggi et al. 2005 , Silvaggi et al. 2006 and Borrelia burgdorferi (Ostberg et al. 2004) . Freshwater cyanobacteria are known to have four ncRNA-coding genes, ffs (7S RNA of signal recognition particle), rnpB (RNA component of RNase P; M1 RNA), ssrA (tmRNA) and ssaA (6Sa RNA) (Banta et al. 1992 , Watanabe et al. 1997 , Watanabe et al. 1998 , Sugita et al. 2007 . Recently, genome-wide and systematic screening for ncRNAs in marine cyanobacteria found seven ncRNAs in Prochlorococcus marinus MED4, SS120 and MIT9313, and in Synechococcus WH8102 (Axmann et al. 2005) . However, numerous unknown ncRNAs should exist in cyanobacteria, as in E. coli.
Here, we report the identification and characterization of an ncRNA in freshwater cyanobacteria, Synechococcus elongatus strains PCC 6301 and PCC 7942, by comparative analysis of intergenic regions of S. elongatus PCC 6301 against three freshwater cyanobacteria, Synechocystis sp. PCC 6803, Nostoc sp. PCC 7120 and Thermosynechococcus elongatus BP-1. A computer search and experimental validation found an ncRNA, Yfr1, which has been reported as an ncRNA in marine cyanobacteria. This gene was found in various cyanobacterial strains with high conservation. The function of Yfr1 RNA was analyzed by yfr1 disruption in S. elongatus. The yfr1-deficient cells showed growth defects under various stress conditions. Further, we identified unusual accumulation of an endogenous mRNA in the absence of Yfr1 RNA. We discuss the possible function of Yfr1 RNA in ncRNA-mediated gene expression in cyanobacteria.
Results
Computer search for non-coding RNA genes in Synechococcus elongatus PCC 6301
To date, four ncRNA genes have been identified in S. elongatus PCC 6301. They are encoded in intergenic regions (IGRs) between known protein-coding genes and are conserved in other freshwater cyanobacteria, including Synechocystis PCC 6803, Nostoc PCC 7120 and T. elongatus BP-1. Most ncRNAs have also been identified in IGRs in E. coli (Wassarman et al. 2001) . Therefore, we attempted to identify new ncRNAs by extracting the conserved sequence in the IGR by BLASTN search using the IGRs of S. elongatus PCC 6301 as queries against IGRs in the genomes of Synechocystis PCC 6803, Nostoc PCC 7120 and T. elongatus BP-1.
At first, we set the BLASTN parameters by using a training set consisting of the four known ncRNA genes (ffs, rnpB, ssrA and ssaA). The homology search with the training set estimated an E-value of5e À7 and a score of450 bits, except for ssrA in Nostoc PCC 7120. These parameters were used to judge the presence of putative ncRNA genes. Next, a BLASTN search was performed with the 1,017 IGR sequences longer than 100 nucleotides (nt) in the S. elongatus PCC 6301 genome as queries against the IGRs of the other three genomes. The homology search found two IGRs with significant homology. One had high homology in all examined strains (Supplementary  Table S1 ). It lay between syc2263-d and syc2264-d in S. elongatus PCC 6301, sll0586 and slr0623 in Synechocystis PCC 6803, alr0051 and alr0052 in Nostoc PCC 7120, and tsr1779 and tll1780 in T. elongatus BP-1. This homologous IGR, lying between guaB and trxA in S. elongatus PCC 6301, is a candidate for a novel ncRNA gene. The following experiment focused on this IGR using the naturally transformable strain S. elongatus PCC 7942, which has an almost identical genome to that of S. elongatus PCC 6301 (Sugita et al. 2007 ).
Identification of a non-coding RNA gene
The presence of an ncRNA was tested by Northern blot analysis. The analysis revealed a transcript of approximately 60 nt (Fig. 1) . Transcripts from the flanking genes, guaB and trxA, had different sizes, indicating that the 60 nt transcript is an independent RNA. The following analyses showed that the sequence does not contain an open reading frame. Therefore, the transcript could be an ncRNA. Northern blot analysis with RNA probes from either strand showed that the ncRNA was transcribed in the same orientation as guaB and trxA (Fig. 1 ). The precise length of the ncRNA was confirmed by determination of the 5 0 and 3 0 ends by primer extension and 3 0 rapid amplification of cDNA ends (RACE), respectively ( Fig. 2A , Supplementary Fig. S1 ). The major 3 0 end seems to be in a U-stretch, where many clones were obtained by RACE analysis. The heterogeneous 3 0 ends may be due to partial trimming by 3 0 -to-5 0 exo-ribonuclease. The length of the ncRNA was thus identified as 63-65 nt. Northern blot analysis did not show a long transcript by polycistronic transcription, suggesting that the ncRNA is transcribed by its own promoter (Fig. 1) . This hypothesis is supported by the presence of a prokaryotic promoter-like element (TAGAAT) upstream of the 5 0 end ( Fig. 2A) . As shown in Fig. 2B , secondary structure prediction by the M-fold program (Zuker 2003 ) revealed a typical ncRNA-like structure, similar to those of OxyS and MicF RNA in E. coli, in a single-stranded region surrounded by two double-stranded regions (Andersen et al. 1989 , Altuvia et al. 1997 ).
The 65 nt ncRNA is Yfr1 and is conserved in various cyanobacteria
Recently, sequence comparison of intergenic regions of marine cyanobacteria has revealed several ncRNAs (Axmann et al. 2005) . One of them, yfr1, is also present in the intergenic region between guaB and trxA. An NCBI BLAST search using the 65 nt ncRNA sequence in this study as a query did not show significant homology with yfr1 in marine cyanobacteria. However, the sequence alignment of the 65 nt ncRNA sequence and yfr1 showed partial identity, suggesting that they are orthologs. Therefore, we concluded that the ncRNA is S. elongatus Yfr1 RNA. A BLAST search using either yfr1 in S. elongatus PCC 6301 or P. marinus MED4 as a query found a putative yfr1 gene in 16 out of 17 fully sequenced cyanobacterial genomes, i.e. in all cyanobacteria from fresh water. The yfr1 gene was only missing in P. marinus SS120, as reported previously (Axmann et al. 2005) . The yfr1 gene seems to be absent in the cyanobacterial lineage. Next, we aligned the sequences of orthologous yfr1 genes (Fig. 3) . The yfr1 sequences in freshwater cyanobacteria are well conserved among all sequences. The inclusion of the seven marine cyanobacterial sequences revealed three conserved blocks: block 1, located in the single-stranded region between two stem-loop structures; and blocks 2 and 3, located below the second stem (Figs. 2B, 3).
When we examined the flanking genes in various cyanobacteria, we found yfr1 next to guaB and/or trxA in 11 out of 16 species. Other cyanobacteria have different genes flanking yfr1, such as clpX and ligA, or hypothetical protein genes (tsr1779 and 1780; Table 1 ). The transcriptional orientation is normally conserved in the same direction as the neighboring genes. However, yfr1 in T. elongatus BP-1 and Synechocystis PCC 6803 is transcribed in the opposite direction to either of the flanking genes.
Phenotype of the yfr1 knockout mutant
To elucidate the function of yfr1 RNA, we constructed a yfr1-knockout mutant of S. elongatus PCC 7942. The knockout was generated by insertion of an antibiotic resistance marker gene into the yfr1 gene. The genome homoplasmy of the knockout strains and the absence of Yfr1 RNA were verified by PCR and Northern blot analysis, respectively ( Supplementary Fig. S2 ). Northern blot analysis further showed that the transcript level of trxA RNA, encoded downstream of the yfr1 gene, was not changed in the mutant. The yfr1-knockout strain was designated Áyfr1.
Áyfr1 is brighter yellow than the wild-type S. elongatus PCC 7942, owing to the low quantity of phycocyanin (absorption at 630 nm) and chlorophyll a (absorption at 680 nm; Fig. 4 ). The mutant grew normally in standard culture conditions in BG11 medium. Next, we exposed the mutant to several stress conditions, including Fe 2þ limitation, osmotic, salt, reactive oxygen, calcium limitation and photosynthetic inhibition stresses by addition of bipyridyl, sorbitol, NaCl, methylviologen, EGTA and DCMU, respectively, to the medium (Fig. 5) . The routinely The abbreviations for the cyanobacterial strains are the same as in Fig. 3 . Arrows denote the orientation of yfr1and flanking genes. c The gene is not annotated, but exhibits high homology with guaB. employed concentration of DCMU (20 mM) and methylviologen (10 mM) was sublethal for both the wild type and the mutant (data not shown). Therefore, the differences in growth were analyzed with diluted concentrations of these compounds (3 mM DCMU or 2 mM methylviologen). The wild type was able to grow in most stress conditions in this assay. The growth of the mutant, however, was severely impaired in stress caused by Fe 2þ limitation (bipyridyl), calcium limitation (EGTA), salt (NaCl) and reactive oxygen (methylviologen), suggesting that Yfr1 RNA is involved in growth under various stress conditions. Growth of the wild type and mutant was not significantly changed under osmotic (sorbitol) or photosynthetic (DCMU) stress. Yfr1 RNA was accumulated in most of the above conditions, with the exception of low accumulation in high salt and high accumulation in photosynthetic stress conditions. Similar accumulation was found in marine cyanobacterial Yfr1 RNA under various growth conditions (Axmann et al. 2005) . Putative target RNA for Yfr1 RNA Most ncRNAs function in translational inhibition or RNA degradation by base-pairing with the target RNA (Gottesman 2005) . Preliminary screening to identify target RNA for Yfr1 RNA was performed by oligonucleotide array analysis of S. elongatus PCC 6301 with RNAs extracted from the wild type and mutant under standard culture conditions. The oligonucleotide array is an Affimetrix DNA chip that comprises 106,980 oligonucleotide probes derived from the coding and non-coding regions in both strands of the S. elongatus PCC 6301 genome (H. Iwasaki et al. unpublished). The results of two array analyses were not statistically reliable (data not shown), but the data indicate that the transcripts for six genessyc0702, syc1920 (idiA), syc2458, syc2459 (ndhD2), syc2460 and syc2461 (sbtA)-showed differences between the wild type and mutant. Therefore, Northern blot analyses were performed to show the changes in accumulation of these transcripts (Fig. 6 ). Among them, sbtA mRNA was highly accumulated in the absence of Yfr1 RNA, indicating that the absence of Yfr1 RNA affects the sbtA mRNA level, or suggesting that the sbtA mRNA is a target of Yfr1 RNA. The accumulation of other RNAs selected by the preliminary array analysis did not change between the mutant and the wild type (for syc0702 and idiA), or were not detected (for syc2458, ndhD2 and syc2460).
Most ncRNA can act by base-pairing with the target RNA. The possibility of an interaction of Yfr1 RNA and sbtA mRNA was addressed by RNA-RNA gel shift analysis. When the Yfr1 RNA was mixed with fragmented sbtA mRNA, the interaction was observed at several regions, i.e. 300-600 nt, 600-900 nt and 900-1,122 nt of sbtA mRNA (Fig. 7) . Sequence analysis found possible base-pairing sequences of sbtA with Yfr1 in the above three regions, further suggesting the sbtA mRNA is a target of the ncRNA, Yfr1 (Fig. 8) .
For a better understanding of the function of Yfr1 RNA, we estimated the amount of Yfr1 RNA molecules relative to several other RNAs. The amount was quantified by comparing the signal intensity of in vitro synthesized RNAs whose concentrations had already been measured ( Supplementary Fig. S3 ). The analysis revealed that Yfr1 RNA is a highly abundant molecule (18,000 per cell) compared with other known ncRNAs, such as 6Sa RNA or RNase P RNA ( Table 2 ). The molar amount of Yfr1 RNA was one-eighth that of 16S rRNA and 120 times that of sbtA mRNA. The numbers of molecules of 16S rRNA differed depending on the organisms, i.e. E. coli (50,000 per cell; Altuvia et al. 1997) , chloroplasts (140,000 per chloroplast; Rapp et al. 1992 ) and HeLa cells (400,000 per cell; Kiledjian et al. 1994) . The amount of S1-300 S300-600 S600-900 S900-1122 S-3U S-5U S-5U I S-3U idiA300 S1-300 S600-900 S300-600 S900-1122 bases of the sbtA coding region were divided into four fragments (S1-300, S300-600, S600-900 and S900-1,122). The RNA probe for the 5 0 -and 3 0 -untranslated regions (100 nt) were also prepared. (B) The RNA-RNA gel shift was performed using 32 P-labeled Yfr1 RNA (4 fmol) and non-labeled fragmented sbtA mRNAs (200 fmol). The partial idiA mRNA (idiA300, 300 nt) is shown as a control. The lane marked '-' indicates the reaction without non-labeled RNA.
syc2461
(sbtA) syc0702 Fig. 6 Transcript profiling in the wild type (W) and Áyfr1 mutant (M). Northern blot analyses were performed for several mRNAs as candidates for target RNA (see text). A 3 mg aliquot of total RNA was loaded. 5S rRNA (5S) is shown as a control. RNAs for syc2458, syc2459 and syc2460 were not detected (not shown).
cyanobacterial 16S rRNA (146,400) was estimated to be similar to that of chloroplasts.
Discussion

Identification of ncRNA in Synechococcus elongatus
Comparison of 1,017 intergenic sequences in S. elongatus PCC 6301 with sequences of three related cyanobacteria (Synechocystis PCC 6803, Nostoc PCC 7120 and T. elongatus BP-1) shows one highly conserved IGR in all examined organisms. The computational search found an ncRNA, Yfr1, as found in E. coli and marine cyanobacteria (Wassarman et al. 2001 , Axmann et al. 2005 . Two other IGRs in S. elongatus PCC 6301 (IGRs of syc0894/syc0895 and syc0182/syc0183; Supplementary Table S1) were selected as conserved IGRs, but the conservation was limited to one or two species. The ssrA gene is present in various prokaryotic cells, although a BLASTN search showed low homology of S. elongatus PCC 6301 with ssrA in Nostoc PCC 7120. Considering that the sequences of many recently found ncRNAs are restricted to closely related bacterial lineages (Hershberg et al. 2003) , these two IGRs could be candidates for additional novel ncRNA genes.
The yfr1 gene seems to be widely spread in cyanobacteria, except for P. marinus SS120. This indicates that Yfr1 RNA is essential for cyanobacterial cell function. The yfr1 gene is often positioned between guaB and trxA in cyanobacterial genomes. Neighboring genes often have a functional connection, i.e. operons, in prokaryotes, including cyanobacteria. However, the variation of flanking genes in some cyanobacteria suggests that Yfr1 RNA could have a function unrelated to that of the guaB or trxA gene products.
The yfr1 gene is less conserved at the sequence level between freshwater and marine cyanobacteria (E-value 41, by BLAST search of S. elongatus PCC 6301 vs. P. marinus MED4). However, their secondary structure and alignment show that Yfr1 RNA possesses three conserved regions. The biological significance of these regions is currently unknown. It is, however, possible that these regions function as a core sequence. This speculation is supported by the fact that the potential target RNA, sbtA, can interact with Yfr1 RNA in vitro (Fig. 7) , and has complementary sequences to the conserved blocks of Yfr1 RNA (Fig. 8) . Interestingly, the block 1 sequence contains a sequence (5 0 -CCUC-3 0 ) complementary to the Shine-Dalgarno sequence. This suggests the involvement of the Yfr1 RNA in the translation of cyanobacterial RNA including sbtA mRNA. However, this hypothesis seems unlikely at present, The abundance of cyanobacterial RNAs was estimated by comparison of the intensity of the RNAs with those of several dilution series of in vitro synthesized RNAs by, at least twice, Northern blot analysis (see Supplementary Fig. S3 ). because, the interaction of Yfr1 RNA and the 5 0 -untranslated region of sbtA mRNA was not observed in our in vitro assay. Additionally, polysome profiling showed that the Yfr1 RNA was not associated with ribosomes (data not shown).
Function of Yfr1 as a cyanobacterial ncRNA
Since yfr1-deficient cells survived under normal growth conditions (Fig. 4B) , Yfr1 RNA is probably dispensable in cell growth under such conditions. On the other hand, the absence of Yfr1 RNA induces a growth reduction under some stress conditions and the aberrant accumulation of sbtA transcripts (Figs. 5, 6 ). This observation indicates that Yfr1 RNA plays certain roles in cell growth or cellular metabolism under stress conditions. The SbtA protein is induced by a shift from high CO 2 (3% CO 2 ) to low CO 2 conditions (air level of CO 2 ) and plays an essential role for sodium-dependent bicarbonate transport in Synechocystis PCC 6803 (Shibata et al. 2002 . Similarly, the sbtA transcript was not detectable in the wild-type S. elongatus PCC 7942 cells grown under high CO 2 conditions, while its transcript level significantly increased under low CO 2 conditions (Supplementary Fig. S4 ). In addition, no significant difference in the sbtA transcript levels between wild-type ad yfr1-deficient cells was found. This suggests that the induction of sbtA expression by low CO 2 is independent of the presence of Yufr1 RNA. In this study, S. elongatus cells were grown in BG11 medium supplemented with 2 mM NaHCO 3 , and bubbled with air alone. The concentration of carbon in our medium is much lower than that under high CO 2 conditions as above. Hence, the sbtA gene might be constitutively expressed at low levels in the wild-type cells (Fig. 6 ). Considering that sbtA mRNA accumulated at higher levels in the yfr1-deficient cells than in the wild type, the function of Yfr1 RNA might be to repress or control the steady-state level of sbtA mRNA under growth conditions with moderate carbon limitation. We consider that the target for Yfr1 RNA is not only sbtA mRNA but also other unidentified RNAs. Yfr1 RNA might be involved in more fundamental functions, via interaction with other RNAs, in cyanobacterial metabolism. Therefore, a defect of Yfr1 RNA may cause reduction of growth under various stresses.
Recently, an S. elongatus ncRNA, IsrR (iron stressrepressed RNA), was reported to be involved in the protection of the PSI complex against photoinduced damage (Duhring et al. 2006) . IsrR RNA is cis-encoded and transcribed from the opposite strand of the target gene, isiA. The IsiA protein forms a supercomplex with PSI under stress conditions. Analysis clearly showed that artificial overproduction of IsrR RNA under iron stress strongly diminishes the number of IsiA-PSI supercomplexes, whereas isrR depletion results in premature expression of isiA. The IsrR RNA seems to be expressed constitutively to repress isiA expression under moderate iron starvation, and contributes to tighter regulation of the target isiA mRNA. Similarly, S. elongatus Yfr1 RNA may destabilize sbtA mRNA that is synthesized constitutively under our growth conditions. This contrasts with well-characterized ncRNAs in E. coli, such as MicF, OxyS, DsrA and RhyB, which are expressed transiently when the cell encounters environmental changes, including nutrient limitation (Storz et al. 2004 , Gottesman 2005 , Storz et al. 2005 . Those ncRNAs are expressed only under stress conditions, and their expression is a direct trigger for the control of target mRNA expression. It would be interesting to know how continuously expressed cyanobacterial ncRNAs modulate their target gene expression. It is easy to speculate that cyanobacterial ncRNAs act by base pairing to activate or repress translation or to destabilize mRNAs, as in E. coli or eukaryotic cells (Storz et al. 2005) . The sbtA mRNA might be base-paired with Yfr1 RNA in vivo, although the actual interaction is unknown.
In E. coli, base pairing between regulatory RNAs and their mRNAs requires the Hfq (host factor for phage Qb) protein, which acts as an RNA chaperone (Moller et al. 2002 , Zhang et al. 2002 . The ncRNA-mediated mRNA destabilization requires an interaction of Hfq protein and RNase E (Morita et al. 2005) . In contrast, the molecular mechanism of ncRNA-mediated gene expression in cyanobacteria is largely unknown. Further study of cyanobacterial ncRNA will reveal the fundamental roles and mechanisms of ncRNAmediated gene expression in prokaryotes.
Materials and Methods
Culture conditions
Synechococcus elongatus PCC 7942 cells were grown in BG11 medium (Stanier et al. 1971) supplemented with 2 mM NaHCO 3 , and bubbled with air under constant light (50 mE m À2 s
À1
) at 258C, as described previously . Cells were grown to a cell density equivalent to an OD 730 of 0.2, and then various stress treatments were applied (see Results).
RNA extraction and Northern blot analysis
Isolation of RNA by Isogen (Nippon Gene, Toyama, Japan) and Northern blot analysis were performed as previously described ). The RNA abundance was estimated using cells having an OD 730 of 0.2. Cells were counted using a hemocytometer (Nitirin, Tokyo, Japan). The total amount of RNA in a cell was estimated from dual RNA extraction. Extraction of RNA from 10 7 cells yielded 9.6 mg of RNA in the first extraction and 0.96 mg in the second. Therefore, the efficiency of extraction can be estimated as 90%, and 10 7 cyanobacterial cells contain 10.7 mg of RNA. The amount of endogenous RNA was estimated by comparison with in vitro transcribed RNA by Northern blot analysis. The synthetic RNA was prepared by in vitro transcription with T7 RNA polymerase and appropriate DNA fragments with a T7 promoter sequence at the 5 0 end. The primers are listed in Supplementary Table S2 .
Sequence data
The cyanobacterial genome sequences were obtained from NCBI GenBank with the following accession numbers: S. elongatus PCC 6301, NC006576; S. elongatus PCC 7942, NC007604; T. elongatus BP-1, NC004113; Synechocystis PCC 6803, NC000911; Nostoc PCC 7120, NC003272; Anabaena variabilis ATCC 29413, CP000117; Synechococcus sp. JA-2-3B 0 a(2-13), NC007776; Synechococcus sp. JA-3-3Ab, NC007775; Gloeobacter violaceus PCC 7421, BA000045; Prochlorococcus marinus MED4, NC005072; P. marinus MIT 9312, NC007577; Synechococcus sp. WH8120, NC005070; Synechococcus sp. CC9902, NC007513; Synechococcus sp. CC9605, NC007516; P. marinus MIT 9313, NC005071; and P. marinus NATL2A, NC007335.
BLAST search of intergenic regions
We compared the intergenic regions of S. elongatus PCC 6301 and three freshwater cyanobacteria: Synechocystis PCC 6803, Nostoc PCC 7120 and T. elongatus BP-1. The S. elongatus 6301 genome contains 2,580 annotated genes (2,525 proteins and 55 RNA genes) and 1,017 intergenic regions longer than 100 nt. The intergenic sequence data were also drawn from the other three genomes. Pair-wise BLASTN (version 2.2.1) searches were performed using the intergenic sequence data of S. elongatus PCC 6301 vs. those of Synechocystis PCC 6803, Nostoc PCC 7120 or T. elongatus BP-1. The significance of the homology was estimated on the basis of an E-value of e À7 and a score of 50 bits (see Results).
3
0 RACE A polyadenosine tail was added to the 3 0 end of S. elongatus total RNA by poly(A) polymerase (Takara, Kyoto, Japan). cDNA was synthesized by reverse transcription with ReverTra Ace (Toyobo, Osaka, Japan) and a d(T) adaptor. The yfr1 fragment was amplified with 3 0 RACE-1 primer and a d(T) adaptor. The 3 0 end sequence was determined by sequencing of the DNA fragment integrated into pGEM-T easy Vector (Promega, Madison, WI, USA) using vector primers M13-F and R.
Construction of a yfr1-deficient strain
The DNA fragment containing yfr1 (1,786 nt) was amplified with gene-specific primers (KO-F, KO-R) from S. elongatus PCC 7942 genomic DNA. The DNA fragment was cloned into the pGEM-T Easy vector (Promega). A 1.1 kb Cfr13I fragment containing a kanamycin resistance gene was excised from pHSG298 (Takeshita et al. 1987) and subsequently inserted at a SmaI site in the yfr1 sequence in the same orientation. The obtained plasmid was used to transform S. elongatus PCC 7942 through homologous recombination as described previously . The transformant was selected by viability in solid medium supplemented with kanamycin. Homozygous mutants of the yfr1-deficient strain were obtained after several rounds of segregation of the transformant. The replacement of the wild-type yfr1 gene with the disrupted gene was confirmed by the position and sequence of the transformed sequence in the mutant by PCR analysis (Supplementary Fig. S2 ).
RNA-RNA gel shift analysis
The gel shift analysis was performed principally as described previously (Moller et al. 2002) . The 32 P-labeled Yfr1 RNA (65 nt) was synthesized with internal labeling using [a-32 P]UTP. The 32 P-labeled Yfr1 RNA (5,000 c.p.m., 4 fmol) and non-labeled RNA (partial sbtA mRNAs or idiA mRNA: S-5U, S1-300, S300-600, S600-900, S900-1,122, or S-3U and idiA300 mRNA; 200 fmol) were heat denatured at 708C for 5 min, and then incubated in buffer [2.8 mM Tris (pH 7.9), 20 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol)] at 258C for 20 min. Then, glycerol (final concentration of 2%) was added to the mixture. The RNA sample was subsequently electrophoresed in a 6% native polyacrylamide gel with 1Â TBE (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA).
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